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Lysosomal storage disorders and the central nervous system
Lysosomal storage disorders (LSDs) are a group of about 50 different life-threatening, genetically inherited diseases that affect both humans and several animal species [1] . They are characterized by a deficiency of lysosomal function within cells throughout the body [1, 2] . The following three sections will provide a brief description of these pathologies, focusing on their impact on the central nervous system (CNS) and current treatment modalities. environment generated in this organelle by ion pumps, and transport proteins also being important [3] (Fig. 1) . Hence, LSDs can be caused by genetic defects affecting any of these elements and, as a consequence, are commonly characterized by aberrant accumulation of undegraded metabolites within lysosomal compartments. For each one of the LSDs, the substance(s) accumulated or "stored" within the lysosome depends on the particular enzyme or catabolic pathway affected, including several types of lipids, glycoproteins, or mucopolysaccharides [4] . Disease progression has also been associated to the appearance and accumulation of these substances in other cellular locations as well as in the circulation, possibly due to lysosomal disruption or aberrant transport to/from this compartment [1, 2] .
The initial biochemical dysfunction in each particular LSD causes imbalances not only in the associated metabolic route and possible downstream interaction with other pathways, but also causes secondary effects that more broadly impact cell homeostasis (Fig. 1 ). For instance, because lysosomes are in many cases the last stage with regard to endocytic vesicular transport, endocytosis may be affected in these deficiencies [1, 2] . Also other functions depending on vesicular motility, and membrane fusion and fission events can be impacted, including autophagy, the secretory pathway, cell signaling and communication, etc. Altogether, this leads to cell dysfunction [1, 2] .
Depending on the metabolic pathway directly affected by the genetic deficiency, particular cell types within the body can be more or less impacted in each LSD. However, because lysosomes are housekeeping organelles, these diseases typically affect multiple tissues, including both peripheral organs as well as the CNS [2, 4] (Fig. 1) . LSD clinical manifestations typically include neurological deterioration, as well as hepatic and splenic dysfunctions [4, 5] . Other functions and tissues influenced by LSDs include pulmonary, cardiovascular, and renal activities, muscle, bone, connective tissue, the immune system, and others [4, 5] . The biochemical and metabolic stresses generated also affect the overall functional status of these tissues, which often causes oxidative stress with leukocyte activation. This ultimately leads to an inflammatory component that exacerbates and "spreads" the initial pathology [4, 5] .
Regarding the severity of LSDs, this depends on several parameters, including the particular pathway and main tissue(s) affected, the genetic deficiency leading to residual versus no enzyme activity, and epigenetic causes. In severe cases, the clinical phenotype manifests soon after birth and causes patient mortality within the newborn period, which is common for LSDs impacting the CNS [4, 5] . In less severe cases, the clinical manifestation may develop during infancy and progress to adulthood, which is often associated with LSDs characterized by non-neurological abnormalities affecting peripheral organs [4, 5] . Importantly, all LSDs are associated with high morbidity and premature mortality [4, 5] .
General strategies for treatment of lysosomal storage disorders
The development of effective therapies for LSDs has been historically hampered due to the low incidence of these illnesses, which ranges from 1:25,000 to 1:250,000 for each Fig. 1 Lysosomal storage disorder pathology. LSDs are caused by genetic defects affecting the lysosomal machinery, including lysosomal enzymes, elements of the pathway regulating their glycosylation, lysosomal activators or cofactors, or membrane transporters located in this compartment. As a consequence, aberrant lysosomal accumulation of metabolites occurs, influencing the function of this organelle, and other processes involving transit of membranous vesicles (e.g., endocytosis, recycling, secretion, autophagy), as well as cell signaling and communication. Cell homeostasis is ultimately affected, leading to dysfunction affecting most tissues in the body, including peripheral organs and the CNS individual disease, with 1:5,000 to 1:7,000 affected newborns as a group [6] . This fact made it specially difficult to attract significant support for translational endeavors for LSDs. Also, inherent factors pertaining to the biological and medical complexity of many of these pathologies have rendered a limited number of treatments clinically available [7] .
Classically, therapeutic strategies have consisted of symptomatic palliative approaches and in some cases liver, bone marrow, or mesenchymal stem cell transplantation, which has been explored in animal models and implemented in the clinics, for instance in the case of Gaucher disease, Pompe disease, Krabbe disease, mucopolysaccharidosis (MPS) I, Hurler syndrome, and others [5, 8] . However, lack of compatible donors and graft-versus-host disease hinder these approaches [9] [10] [11] . These strategies have been put to the practice in an attempt to overcome life-threatening damage directly affecting these tissues or their derived counterparts, and also because healthy cells expressing normal copies of a given lysosomal enzyme can theoretically correct the defect in the neighboring tissue via a phenomenon called "cross correction" [12] . The cross correction effect represents a major pillar in the design of several therapeutic strategies; hence, this will be described here in more detail.
When endogenous lysosomal enzymes are synthesized within a cell, their precursors are transported from the endoplasmic reticulum (ER) to the Golgi apparatus, and then the lysosome. In transit between the first two organelles, oligosaccharides containing mannose residues are added to lysosomal enzyme precursors [13, 14] . The glycosylated enzymes are additionally phosphorylated at their mannose residues, rendering forms that display mannose-6-phosphate (M6P) [14] . Through M6P residues, these enzymes bind to M6P receptors in the Golgi network, and the "bound" enzyme molecules are transported via clathrin-coated pits that ultimately fuse to lysosomes, releasing the enzyme from the receptor due to the acidic pH in this compartment [14] . Alternatively, due to saturation of M6P receptors in the Golgi system and/or incomplete phosphorylation of mannose residues, a fraction of the synthesized enzyme travels via the secretory pathway and is secreted to the extracellular environment [15] . These "secreted" enzyme molecules can act in a "paracrine" manner, as they can bind to mannose receptors (MR) expressed on monocytes and macrophages, or to M6P receptors that are also present on the plasma membrane of most cell types in the body [15, 16] . Binding to these cell surface receptors results in clathrin-mediated endocytosis with transport to lysosomes [15] . Hence, functional enzymes "secreted" by healthy transplanted cells can be internalized and transported to lysosomes in neighboring diseased cells, correcting their enzymatic deficiency [12] .
Enzyme replacement therapy is another treatment strategy directly derived from the cross correction effect and is clinically available for a (still reduced) number of LSDs with no major CNS involvement [17, 18] . This includes six FDA-approved products in the USA, for treatment of diseases with no major CNS syndrome, such as MPS I (Hurler disease), MPS II (Hunter disease), MPS VI (Maroteaux-Lamy syndrome), Fabry disease, Gaucher type I and III, and Pompe disease [5] . This strategy consists of infusion of tissue-extracted or, rather, recombinantly produced lysosomal enzymes into the systemic circulation, with potential binding to mannose or M6P receptors on cells [17, 18] . Post-production modifications aiding in exposing these binding residues, pharmacological agents to increase receptor expression, and use of recombinant enzymes fused to peptides providing cell binding by glycosylationindependent mechanisms (discussed below) have been attempted in order to optimize the outcome of this therapy [19] [20] [21] [22] [23] [24] [25] [26] . Importantly, low amounts of the "correcting" enzyme (≤ 10-20 %) need to be delivered within lysosomes in order to observe a therapeutic effect, making this a relevant option [1] .
Since LSDs are monogenic disorders, it is theoretically possible to correct the gene deficiency and, hence, the pathological outcome through gene therapy. This treatment option is currently under investigation in small and large animal models for a number of LSDs, including Pompe disease, Fabry disease, several MPS types, etc., and currently approved for clinical trials in the case of Sanfilippo and Pompe disease [5, 27] . This strategy includes somatic gene transfer using viral vectors in animal models using adenovirus, adeno-associated virus, herpes virus, retrovirus, and lentivirus vectors capable of integrating the exogenous gene sequences into the host genome for prolonged enzyme expression [28] [29] [30] [31] . In principle, because of the multiplicity of tissues and organs affected in LSDs, it would be impractical to transform all cells affected in the body. Yet, due to cross correction this is not necessary, as transformation of key cell types may provide not only self-rectification of the transformed cells, but also a long-term supply of active enzyme for neighboring cells. As in the case of enzyme replacement therapy, relatively low level of enzyme activity may attenuate these pathologies and delay their progression.
In the case of both enzyme replacement by infusion of recombinant enzymes or gene therapy modalities, several approaches are focusing on cross correction strategies where enzymes can enter deficient cells via glycosylationindependent mechanisms. This strategy represents an advantage in cases where recombinant enzymes are not properly glycosylated or to overcome low levels or function of M6P receptors observed in some LSDs [32, 33] . This can be done by designing fusion proteins containing an enzymatic moiety fused to a peptide that can be recognized by cell surface receptors in a glycosylation-independent manner. For instance, this is the case for chimeric β-glucuronidase (deficient MPS VII) fused to a peptide derived from the insulin-like growth factor II, which binds to a different domain of the M6P receptor, following the same clathrinmediated pathway for lysosomal delivery [20] . This strategy was tested using skin fibroblasts from MPS VII patients and the corresponding mouse model, where this fusion protein showed enhanced binding despite removal of M6P residues from the enzyme [20] . Similarly, some chimeric enzymes have been designed to display the receptor-associated protein RAP [24] . This molecule is located in the endoplasmic reticulum, where it binds as a chaperone to newly synthesized LDLR family receptors, preventing premature association to their physiological ligands [24] . Cell surface LDLR family receptors targeted by RAP are also internalized by cells via clathrin-dependent endocytosis [24] . This strategy has been explored in cell cultures in the case of α-L-iduronidase or α-glucosidase (deficient in MPS I and Pompe disease, respectively) [24] . In addition to targeting to endocytic receptors, fusion enzymes containing protein transduction domains, such as peptides derived from the HIV transcription factor Tat, have been designed to improve delivery of recombinant lysosomal enzymes by simply providing charge-dependent binding to the plasma membrane [34] [35] [36] [37] . Subsequently, internalization can occur via passive uptake within endocytic vesicles and/or via direct penetration through the plasmalemma. This strategy has been investigated in the case of gene therapy for β-glucuronidase, glucocerebrosidase, and galactocerebrosidase, deficient in MPS VII, Gaucher, and Krabbe diseases, respectively [34] [35] [36] [37] .
Apart from these strategies based on cross correction, a few other approaches capitalize on alternative elements [38] . For instance, substrate reduction therapy is based on the use of small molecules that inhibit biosynthesis of the metabolites accumulated in a particular LSD, hence helping in reducing their storage [39] [40] [41] . This approach holds great potential and is available clinically in some cases. This is the case for the use of Miglustat (N-butyldeoxinojirimycin), which inhibits the first step of the glycosphingolipid biosynthesis pathway, a common route for a number of deficiencies, such as Gaucher disease, Fabry disease, and type C Niemann-Pick [5] . Some inhibitor molecules also serve as chemical chaperones at sub-inhibitory concentrations, improving folding of mutated lysosomal enzymes. An example is that of the use of 1-deoxygalactonojirimycin in clinical trials for Fabry disease patients [5] . This has an application in the case of patients with misfolding defects, leading to improved lysosomal transport and residual activity [42] [43] [44] [45] .
A related experimental strategy capitalizes on cytosolic molecules that control intracellular trafficking of lysosomes, facilitating reduction of metabolites whose storage is caused by defective lysosomal transporters. This is the case for Rab9 that, when overexpressed in cell culture, attenuates the cellular phenotype associated to defects on lysosomal NPC1 or NPC2 transport proteins in type C Niemann-Pick disease, which is characterized by accumulation of cholesterol and sphingolipids [46] . Also to tackle the said cholesterol accumulation, cyclodextrin derivatives are under investigation. Cyclodextrins are small sugar molecules with a ring-like structure capable of extracting cholesterol from the plasma membrane and intracellular compartments [47] . In the case of LSDs characterized by cholesterol accumulation, such as type C Niemann-Pick disease mentioned above, pharmacological reduction of the storage by cyclodextrin derivatives has been shown to help attenuate the disease phenotype in animal models [47] . This approach is currently under clinical trial [47] .
Finally, modalities of combination therapy encompassing more than one of these approaches are recently being considered as an interesting alternative for the treatment of LSDs, which may provide synergistic benefits to patients. This includes, for example, the use of enzyme replacement therapy along with substrate reduction therapy, clinically implemented in type III Gaucher disease, or gene therapy along with stem cell transplantation, under investigation in animal models of MPS VII and types A and B NiemannPick disease [48] .
Central nervous system pathology in LSDs and obstacles to treatment Between 1/2 and 1/3 of all LSDs are characterized by neurological dysfunction, leading to developmental delay, movement disorders, ataxia, seizures, spasticity, psychiatric disease, visual loss, etc [49] . Neurodegenerative complications are characterized by both neuronal dysfunction as well as neuronal loss, the later often associated to Purkinje cells involved in motor coordination in the cerebellar cortex [8] . This has been observed in a number of syndromes, including gangliosidosis, types A and C Niemann-Pick disease, neuronal ceroid lipofuscinosis, etc [8] . Lysosomal storage has been observed to also occur in glial cells, e.g., microglia, whose storage could be contributed by clearance of apoptotic cells in the CNS, altering their function [8] . Storage in neurons can impact both anterograde and retrograde transport of vesicles along the axon, communication with the cell body, and synaptic function, with genesis and morphology of dendrites also being affected [8] .
At the molecular level, LSDs involving accumulation of glycosphingolipids and related gangliosides, with a strong neurological component, have been related to disruption of lipid raft domains and their main function in terms of membrane trafficking and cell signaling. Altered calcium homeostasis, e.g., with depletion of calcium from intracellular (ER) stores, has also been observed in neurons, where this cationic second messenger is involved in cell signaling pathways and long-term plasticity and responses [50] . In turn, ER calcium depletion can cause ER stress and activate the unfolded protein response pathway, leading to apoptosis [51] . This has been reported in the case of animal models of Gaucher disease, Sandhoff disease, and GM1 gangliosidosis, and confirmed in several other neuropathies [8] . Concomitantly to these changes, there is an inflammatory phenotype mediated by the microglia as well as macrophages secondly recruited to the brain, with T lymphocytes being involved in advanced pathological stages. Oxidative stress associated to this inflammatory outcome exacerbates neurotoxicity, altogether contributing to disease progression. Unfortunately, most therapeutic modalities discussed in the previous section, although helpful regarding treatment of the condition in peripheral tissues, have shown rather suboptimal efficacy regarding treatment of the neurological pathology associated with LSDs [52] .
Strategies such as those involving small drugs, namely substrate reduction therapy or chaperone-mediated approaches, seem more amenable to overcome the bloodbrain barrier (BBB; discussed in detail in "Barriers of transport into the central nervous system") and are under investigation regarding their potential in the case of neuropathic disorders [43] . Some of these compounds, such as those that inhibit synthesis of glycosphingolipids, are being used in patients since they can be conveniently administered orally and have been previously shown to extend the presymptomatic period, also delaying disease progression and increasing life expectancy in animal models [53] .
However, the BBB poses an impenetrable obstacle for efficient transport of other compounds, such as cyclodextrin derivatives, viral vectors, and enzymes from the circulation into the brain, which negatively impacts the efficacy of these strategies, primarily those based on the cross correction effect. For instance, in the case of bone marrow, stem cell, or organ transplantation in peripheral regions outside the CNS, the enzymes "secreted" by the transplanted cells do not exert an efficient cross correction toward cells in the CNS since they cannot enter this compartment of the body [10, 54] . Similarly, recombinant enzymes injected into the circulation gain rapid access to cells in certain peripheral organs but do not access the brain. This is also the case for many strategies of gene therapy, which have shown to provide relevant cross correction in peripheral organs but are largely inefficient in the CNS [28] . In both cases, enzyme and gene therapies, correction of the defects seems to align somehow with the natural patterns of blood flow in the body, as expected. For instance, some targeting of the pulmonary capillary bed has been detected, as this constitutes a first-pass tissue after intravenous injection [27] . Also, this is the case for the RES such as in the spleen and liver, where the parenchyma becomes accessible to substances injected in the circulation, due to the presence of fenestrations in the endothelial lining [27] . Multiple i.v. injections with high doses of recombinant enzymes have been attempted in order to overcome this challenge and improve CNS delivery, yet clinical trials have not reflected a main advantage of this strategy [55] . In several cases, CNS expression of systemically administered viral vectors has been shown to be rather low and transient, if any, in part promoted by immune reactions [5] .
To address these obstacles, a considerable effort is being devoted to develop strategies exploiting alternative administration routes or taking advantage of natural transport mechanisms into the CNS. These aspects will be developed in the following section.
Means of drug delivery into the central nervous system
As mentioned in the previous section, transport across the BBB is a formidable obstacle for treatment of medical conditions affecting the CNS, leading to a relatively low capability to effectively and safely deliver therapeutics into this tissue. The following sections will elaborate on the BBB and methods to overcome this obstacle.
Barriers of transport into the central nervous system
Transport of fluid, macromolecules, and blood cells into tissues in the body typically occurs through capillaries of the vascular system where only a thin (200-300 nm) layer of endothelial cells separates the blood from the tissue parenchyma and its cell components [56, 57] . Transport through this endothelial layer is effective via passive passage through discontinuous vessels in the liver, spleen and organs of the RES, where large gaps or fenestrations exist in the endothelial lining [58, 59] . Contrarily, endothelial cells in other organs form a continuous layer with sealed junctions between the adjacent cells [58, 60] . These junctions are primarily formed by intercellular protein complexes located in areas of the plasma membrane between neighboring endothelial cells.
There are several types of these cell-cell contacts, most relevantly including tight junctions and adherens junctions. In both cases, these structures encompass transmembrane proteins (e.g., claudins, occludins, and JAMs for tight junctions, and cadherins for adherens junctions), which are capable of homophilic interactions with their counterparts in the neighboring cells, forming a zipper-like attachment at the cell periphery in the cell-cell border area [58, 60] . The cytoplasmic domain of these "adhesive" transmembrane proteins typically interacts with "scaffold" protein partners. These in turn connect to cell signaling elements and the cytoskeleton, altogether allowing control over the formation and potential remodeling of the junction, as well as communication with the adjacent tissue environment [58, 60] . In vascular endothelial cells, contrarily to more proper epithelial linings, these two individual junctions are less distinguishable as separate entities, as their components are somehow intertwined [58, 60] . In any case, while adherens junctions primarily serve as an adhesive and regulatory contact interface, tight junctions constitute the real permeability barrier that hinders free transport of most substances between neighboring cells [58, 60] . Additionally, to control free transport of substances, these junctions help compartmentalize functional elements at the luminal versus abluminal endothelial membrane, contributing to interaction of the endothelium with both the blood and tissue parenchyma interfaces [58, 60] .
Because of this and other reasons further discussed below, the endothelial layer is rather impermeable in the CNS. This anatomical (and biochemical) barrier is formed progressively during the developmental stages, with endothelial cells of the perineural vessels being initially fenestrated, despite displaying tight junctions [58, 60] . Then fenestrae disappear when endothelial cells establish contact with other cells of the CNS, stimulated also by local soluble factors [61] . In the adult CNS, this barrier is located at the interface of the endothelium with (a) the brain parenchyma (BBB), (b) the choroid plexus epithelium (blood-cerebrospinal fluid (CSF) barrier), and (c) the arachnoid epithelium (meningeal barrier) [62, 63] . Additionally, this permeability barrier function is found not only in the brain, but also in the spinal cord and other neural tissues, including the retina, nerves, and the labyrinth [64] . The complexity of these interfaces becomes apparent when examining the BBB, one of the most studied blood-CNS barriers (Fig. 2) . The BBB is finely regulated by concerted interaction of the brain endothelium with astrocytes and pericytes, and chemical communication with other cells of the brain parenchyma, such as neurons and the microglia. Indeed, the expression "neurovascular unit" is currently preferred when describing this complex interface [61] , very challenging to reproduce in experimental cell model systems.
The presence of these blood-CNS barriers compartmentalizes and protects the CNS tissue from potential interference of substances and cells circulating in the bloodstream with respect to the neural function. This homeostasis is disrupted under certain pathological stimuli, such as the presence of glioblastomas, stroke, degenerative diseases, and inflammatory processes, which may lead to enhanced permeability [63, 64] . Parasites, bacteria, and viruses can also invade the CNS by bypassing this barrier, either as free entities or carried within immune cells [61] . These insults lead to an altered architecture of the endothelial tight junctions and/or expression of transporters, increasing movement of immune cells across the blood-CNS barrier, along with secretion and transport of neuroinflammatory substances [63, 64] .
However, except for such pathological scenarios, transport from the circulation into the CNS parenchyma is highly controlled and restricted to particular elements (Fig. 2) . For these substances, transport occurs via several mechanisms, including the paracellular route between the junctions described above and the transcellular route, which encompasses transmembrane diffusion, saturable transporters, and vesicular transcytosis (the latter pathway is in many cases the only one referred to as "transcellular") [65] . Drug delivery into the CNS can either exploit these options or bypass the blood-CNS barrier by local administration of therapeutic agents into the CNS [65] [66] [67] . Yet, altogether, the presence of the blood-CNS barrier hinders penetration of most (~98+ %) drugs and biotechnological agents currently available. Local administration into the central nervous system Therapeutic agents can be directly delivered within the CNS using surgical procedures, mostly involving drilling and injecting through the cranium into the brain or between the vertebrae in the spinal cord [68, 69] . This encompasses modalities such as administration through a catheter into the epidural space over the dura mater, or intrathecal administration in the leptomeningeal space under the arachnoid (hence, in the CSF), which are most typically dispensed along the spinal cord. Injections in the brain are also performed, which can deliver therapeutics into the CSF in the brain ventricles (intra-ventricular or -cerebroventricular administration) or directly into the brain parenchyma (intracerebral or -parenchymal administration) [68, 69] .
A major downside of these local administration techniques resides in the suboptimal diffusion of drug from the point of administration through the CNS tissue. For instance, with respect to intraventricular injections, the rate of CSF clearance from the brain has been reported to be significantly faster than the rate of solute diffusion from the ependymal surface into the brain parenchyma [68] . In some cases, drug release into the blood via this mechanism appears to achieve greater levels than those attained within the brain [70] . Similarly, parenchymal drug diffusion upon intracerebral injection decreases exponentially with increasing distance, which has been speculated to translate into a 90 % reduction in drug concentration after traveling just a 500-μm distance from the injection point [71] . To compensate for these deficiencies, higher drug doses need to be administered; hence, most of these delivery modalities render relatively high drug concentrations in the delivery site, often resulting in toxicity [72] .
These drawbacks can be partially overcome by brain implantation of convention-enhanced diffusion devices [73] . In this case, the drug is continuously or sequentially infused at a given rate into the brain via a catheter affixed to a pump and a reservoir containing the drug. The goal of this approach is to use convection to supplement diffusion, so that the drug can penetrate further from the administration site. Although this technique certainly improves this aspect, the resistance to fluid flow once the drug enters the brain tissue hinders deep penetration [74] . Also, this generates an increase in the intraparenchymal fluid, since the CNS lacks effective systems of drainage of exogenously added fluid, rendering fluid movement into the white mater. This restricts the application of this technique and also impacts the appearance of potential side effects, such as astroglia activation and demyelination [69] .
Nevertheless, approaches of local administration within the CNS have shown therapeutic utility and, as for other applications, are being implemented for delivery of treatments for neuropathic LSDs. For instance, CSF injections have been largely explored in animal models, for experimental gene therapies using viral vectors as well as enzyme replacement therapies with recombinant lysosomal enzymes [27] . This is also the case for clinical trials of intrathecal therapies for Hurler syndrome, MPS I, and MPS III [27] . However, intraventricular or intrathecal administration of enzymes leads to a relatively small fraction of the injected dose effectively entering the brain parenchyma, yet in some cases this appears to be sufficient to detect enzyme entering neurons and oligodendrocytes in the brain, attaining measurable therapeutic benefit [75, 76] . Similarly, intra-CSF injection of viral vectors has been observed to render transduction of cells in the ventricular system, including those of the ependymal layer, the choroid plexus, and the central canal in the spinal cord [27] . This has been speculated to generate a relatively stable source of therapeutic enzyme being released into the CSF, with the capability of cross correcting the lysosomal defect in cells of the brain parenchyma by the mechanisms described above [27, 29, 31, 77] .
Intraparenchymal administration has also been explored and offers benefits for both enzyme and gene therapies, including examples of implantation of cells transduced ex vivo [31, 54, 78] . This has been explored in the case of rodent models of several MPS syndromes, type A Niemann-Pick disease, gangliosidosis, and others [27] . As the case of intra-CSF delivery, the cross correction effect provides a means to benefit the tissue adjacent to the application site, and recombinant enzymes have been observed to enter neurons using axonal transport mechanisms [79] . However, given the chronic nature of LSDs, recurrent intraparenchymal administration of exogenous enzymes (versus viral vectors or transducted cells) using such invasive procedures is impractical. With regard to gene therapy, viral tropism seems to have an important impact on the therapeutic outcome of this strategy, where serotypes can be selected or engineered to transduce particular cellular types which represent main targets for intervention in certain LSDs [5, 78, 80] .
Noticeably, these procedures involving intra-CNS administration are relatively invasive and, therefore, not amenable for repeated implementation (needed in the case of chronic diseases), due to the safety risks and high cost involved. As a consequence, peripheral administration of therapeutics for transport into the CNS is preferable.
Peripheral administration
Transport of substance from peripheral tissues into the CNS can occur through the paracellular route between junctions or the transcellular route that encompasses transmembrane diffusion, saturable transporters, and vesicular transcytosis. In addition, although less characterized, the intranasal route seems amenable for noninvasive transport of certain substances into the CNS, which takes place by diffusion across the nasal mucosa, transit into the perivascular channels in the lamina propia or along the olfactory or trigeminal nerves, finally reaching the CNS and olfactory bulbs [81] . A number of therapeutic agents have been shown to reach the CNS in this manner, including small lipophilic molecules and peptide hormones [65, [82] [83] [84] .
With respect to the paracellular pathway, this seems particularly restricted in the case of the blood-CNS barrier, as compared to other vascular endothelial beds or other epithelial linings where the junctions can be regulated to allow transport of some substances. Several approaches have aimed to transiently disrupt this barrier, e.g., by using hyperosmotic solutions, vasoactive agents, vaccine adjuvants, ultrasound irradiation, and optical techniques [68, 85, 86] . A number of works employing administration of therapeutics in the presence of common solvents and stabilizers, such as SDS, DMSO, ethanol, polysorbate-80, glycerol, etc., have also shown improved CNS delivery by causing transient disruption of the permeability barrier [87] [88] [89] . Although this can certainly increase transport into the brain, lack of specificity causes leakage of blood substances into the brain parenchyma, with side effects. For instance, albumin leakage into the brain has been shown to cause astrocyte toxicity, and opening of the barrier also causes chronic neuropathological changes [90, 91] .
Regarding diffusion through the endothelial cell membrane at the blood-CNS interface, this is a non-saturable pathway that depends largely on physicochemical nature of the substances to be transported [65, 68] . In order to cross the phospholipid bilayer in the plasmalemma, molecules can be designed to have a low molecular weight ≤ 400-600 Da, yet this is a parameter not fully understood since some peptides cross the BBB via diffusion despite their larger size [64] . Molecules should also have relatively high lipid solubility, with total capacity for hydrogen bonding with water ≤8. Yet, the lipid solubility cannot exceed a threshold or otherwise the molecule to be transported would remain at the endothelial layer, unable to cross and be released into the brain parenchyma [65] . An additional obstacle to using this transport route is the existence of efflux transporters (e.g., P-glycoprotein), which limits the amount of drug capable of entering the brain via this mechanism [68] .
Efflux transporters are just one of the transporter systems located in the BBB, while other examples exert an influx activity. These are saturable pathways where transporter proteins located at the plasmalemma facilitate direct uptake into the cell cytoplasma and/or out into the tissue [65] . Also, in most cases they offer selectivity toward the molecule being transported, e.g., those for glucose, L-DOPA, vitamin B12, cationic or large neutral amino acids, etc. Transport rates via this route are much higher than that of simple diffusion mechanisms, hence beneficial from the perspective of drug delivery. Nevertheless, larger molecules cannot use this route, which can additionally be regulated up or down depending on physiological and pathological status of the system [65, 68, 92, 93] .
Perhaps one of the most promising means for noninvasive, safe, and relatively efficient transport into the CNS is provided by vesicular transcytosis. This is a natural route permitting transit of relatively large molecules, which largely controls transport between the extra-and intra-CNS compartment [68, 94] . This occurs via membranous vesicles that are typically induced by binding of specific ligands to their receptors located in the endothelial plasmalemma. Binding leads to engulfment of the ligand by the plasma membrane, with formation of vesicles that pinch off into the cytosol, through a process globally called endocytosis [94, 95] . These vesicles are then trafficked across the cell body, sometimes through intermediate compartments, and finally fuse to the plasma membrane in the opposite side of the cell (abluminal or luminal, depending whether transport is into or from the CNS), releasing the cargo [68, 94, 95] . There are two main mechanisms serving the transcytosis route in most cell layers in the body, the so-called clathrin-and caveolarmediated pathways [68, 94, 95] . Caveolar-mediated transport occurs through caveoli, small (≤ 100-nm diameter) flask-shaped invaginations of the plasma membrane, characterized by the presence of the protein caveolin in specialized cholesterol-and sphingolipid-enriched membrane domains, referred to as lipid rafts. Although the caveolarmediated mechanism appears to be the primary transcytosis pathway in other vascular endothelial beds, such as the case of the lung, it is almost inexistent in the case of the BBB [68, 96] . Instead, clathrin-mediated transcytosis operates in this endothelium. In this case, ligands that bind to their plasmalemma receptors are internalized within slightly larger (100-200-nm diameter) vesicles called clathrin-coated pits, in virtue of a characteristic cytosolic lattice of the clathrin proteins [68, 94, 95] . Several receptors have been indentified to serve this pathway in the BBB, including receptors for transferrin, lipoproteins, insulin, insulin-like growth factors, and leptin, among others [68, 97, 98] .
A number of works have capitalized in this modality of receptor-mediated transport into the CNS to develop treatment approaches for neurological conditions, including LSDs. For instance, some recombinant lysosomal enzymes have been shown to be transported in this manner via the M6PR, such as the case of β-glucoronidase (deficient in MPS VII) and phosphorylated sulfaminase (deficient in MPS IIIA), studied in mouse models [99] . However, results in this study indicated that such a strategy may only be efficient in neonates, e.g., in mice the M6PR is downregulated in the BBB soon after birth [99] . Instead, the insulin receptor and transferrin receptor are active in adult brain endothelium, and this approach has been used with recombinant fusion proteins where the lysosomal enzymes are tagged by antibody-derived peptides targeting these receptors [23, 100, 101] . Similar targeting strategies for transport of gene therapy viral vectors across endothelial barriers via receptor-mediated transcytosis have also been reported [102, 103] .
This route has been speculated to be used also by exosome-mediated strategies, which represents a particularly interesting new modality of therapeutic delivery into the CNS. Exosomes are natural membranous vesicles~50-100 nm in diameter, which are secreted by fusion of multivesicular bodies to the plasma membrane in certain cells (e. g., mast cells, dendritic cells, etc) [104] . They naturally contain specific arrays of nucleic acids and proteins, can be loaded with therapeutics, and can be recombinantly modified to display targeting moieties in their membrane [104] . A recent study showing 60 % mRNA and protein knockdown of a therapeutic target in the brain after systemic injection of siRNA-loaded exosomes highlights the great potential of this strategy. Although this remains to be characterized, receptor-mediated transport by transcytosis across the BBB seems to mediate entrance of exosomes from the bloodstream into the CNS [104] .
Finally, as described in the next section, this route also constitutes one of the most promising paths for transport of nanomedicines and drug delivery systems across the blood-CNS barrier.
Drug targeting and delivery systems for transport of therapeutics into the brain
Targeting strategies and drug delivery vehicles consist of either molecular conjugates (the "Trojan horse" approach) or macromolecular assemblies (referred to as carriers) that can incorporate imaging and therapeutic compounds. These systems can improve several aspects of therapeutics, including their solubility, stability, circulation, biodistribution, subcellular transport, and/or release rate, altogether enhancing their bioavailability and efficacy [105] [106] [107] [108] . The following section will touch upon these aspects, with a particular focus on transport into the CNS.
Types and properties of drug targeting and delivery systems
Targeting of drugs to areas of the body where their action is required can be facilitated by improving their local retention and bioadhesion, a relevant aspect in order to attain enhanced therapeutic outcomes. This can be achieved by tagging drugs with moieties that display affinity toward general biological features, e.g., positively charged peptides (HIV Tat, RGD sequences, and others) can provide affinity to the negative-charged plasma membrane of cells [37, 69] . Alternatively, drugs can be tagged with affinity moieties that recognize specific markers on cells, including antibodies and their fragments, proteins and peptides, sugars, vitamins, aptamers, etc [69] . Coupling of the targeting and therapeutic units can be done by direct synthesis/production, for instance in the case of recombinant proteins (e.g., recombinant lysosomal enzymes described in "Peripheral administration"), as well as chemical conjugation, which can be based on covalent linkage, electrostatic or hydrophobic interaction, or through interactive biological molecules, such as the biotin-avidin pair [69, [109] [110] [111] [112] [113] [114] . In addition, these conjugates can be targeted to cellular receptors involved in endocytic transport or coupled to cell penetrating peptides, providing delivery to a variety of intracellular compartments [94, 95] .
Apart from these targeting strategies, drug delivery systems offer several other advantages to formulation of therapeutics (Fig. 3) . Drug delivery carriers can be fabricated using biological, synthetic, and semi-synthetic materials. They can be assembled in linear, branched, or dendrimer structures, spherical or filamentous micelles, hollow capsules, and porous or solid particles. Furthermore, their functionality and performance can be tuned by modulating their physicochemical properties [115] [116] [117] [118] [119] . The most typical size of drug delivery systems rages under a micrometer in size, for which they are often referred to as "nanocarriers". These two terms will be used hereafter.
Liposomes are likely the oldest and most popularly recognized drug delivery system. They consist of phospholipid-based capsules that can be loaded with either hydrophilic compounds in their inner aqueous lumen or onto their surface, while allowing loading of hydrophobic counterparts in the lipid bilayer [119] [120] [121] . Polymerosomes are the polymer analog of liposomes, formed from block copolymers bearing polymer chains composed of both hydrophobic and hydrophilic moieties, with higher functionalization capacity [115, 122] . Polymers can also be formulated as linear or branched structures conjugated (covalently or not) to drugs, to improve their bioavailabilty. Dendrimers are tree-like hyperbranched polymer carriers with a very high surface-to-volume ratio along with good drug complexation capacity and easy diffusion through tissues, due to their small size and architecture [123, 124] . Nanoparticles of different sizes and shapes can also be fabricated with either natural polymers or natural molecular blocks reacted to form polymers, and can display solid, hollow, or multi-porous structures [107, 125] . Some examples of the materials employed in the fabrication of these carriers include chemically inert and non-toxic counterparts (e.g., poly(methyl methacrylate), poly(acrylic acid), poly(vinyl alcohol), poly (ethylene glycol)), natural polysaccharide and polypeptide polymers (e.g., chitosan, alginate, gelatin, albumin), or polymerized organic molecules (polycaprolactone, polylactides, polyglycolides) [119] .
Drug delivery carriers can be functionalized to prolong circulation and enhance biodistribution in the body at the tissue, cellular, and sub-cellular level (Fig. 3) . For instance, often the body recognizes foreign materials injected in the circulation, leading to relatively rapid clearance mediated by the RES in the liver and spleen, other elements of the immune system, and kidney filtration, among others [120] . This can be attenuated by coupling to poly(ethylene glycol) or PEG either directly or after encapsulation in nanocarriers, which minimizes interactions with plasma opsonins, complement, phagocytic cells, and lymphocytes related to specific immunity [120, 126] (Fig. 3) . Coupling of drug carriers to CD47, a transmembrane protein that acts like a marker of the "self" to avoid clearance by elements of the innate immune system, is another alternative for prolonging circulation and inhibiting inflammatory reactions [127] . Apart from systemically administered formulations, nanocarriers can also improve the drug efficacy upon release in the case of local administration, e.g., by loading drugs within materials capable of releasing the therapeutic agent in response to properties of the microenvironment, or by displaying a sustained release pattern over prolonged periods of time [128] .
This drug delivery system can also take advantage of the targeting strategies described above. This can be achieved by formulating them to display affinity toward general biological features, such as the case for positively charged polymers or carriers coupled to positively charged peptides already mentioned [107, 116] . Importantly (discussed in the following section), as compared to coupling of therapeutic agents directly to affinity moieties, carriers bearing multiple copies of a given targeting molecule display greater avidity due to this multivalency [129] (Fig. 3) .
Drug targeting and delivery systems for LSDs
The advantages described in the previous section can clearly enhance current formulation of small chemical drugs employed in treatment of LDSs, as well as enzyme or gene therapy modalities, evolving into new or complementary interventions. For instance, carrier coupling or encapsulation can help prolong circulation and sustain the release of therapies, lowering the frequency of administration and potential side effects. Indeed, one of the drawbacks of enzyme replacement therapies injected systemically is the appearance of immunological effects that ultimately hinder the transport into the cell and/or enzymatic activity [130, 131] . It is likely that this can be overcome by encapsulating or crosslinking recombinant enzymes using biodegradable carriers, where they can be masked from the immune system and released upon carrier degradation within the lysosome [132] [133] [134] [135] .
Also, when glycosylation-independent targeting is to be exploited ("Peripheral administration"), this can be achieved relatively simply by coupling existing recombinant enzymes to targeted drug delivery carriers. Such carriers can be used as generic vehicles avoiding the need to design and produce individual fusion proteins or conjugates, where fusion or conjugation signifies an extra effort and may ultimately hinder the enzymatic activity. Also, multivalency of targeted carriers is an important parameter that can be regulated. For instance the avidity of multivalent targeted formulations needs to overcome the threshold for effective targeting in a physiological Fig. 3 Functionalization and transport of drug delivery systems. a A schematic representation of a model drug delivery system is shown. Drugs can be encapsulated, while the carrier shell can be functionalized to display poly(ethylene-glycol) (PEG) for stealth properties and prolonged circulation, as well as affinity moieties to target cells and tissues of therapeutic interest. b Drug carriers that are targeted to cell receptors involved in endocytosis can be internalized by cells. This often leads to transport into endo-lysosomal vesicles for (i) pH-dependent release of drugs aimed to act within this compartment or the cytosol (if permeable); (ii) endosomal poration by reactive materials, allowing leakage of drugs or biologicals into the cytosol; or (iii) transcytosis with release in the abluminal side of the cell environment, e.g., under dragging forces of the shear stress caused by the blood flow in the circulation or in the presence of natural ligands for the selected receptor [136] . Conversely, if the avidity is too high, then binding to off-target areas may occur (e.g., if the receptor targeted is expressed in low amounts in other organs or tissues) or binding can be impaired due to steric hindrances that depend of the expression level and location of the receptor on the cell surface [129, 137, 138] .
In addition to the properties discussed above, conjugates and drug delivery systems can be targeted to cellular receptors involved in endocytic transport or coupled to cell penetrating peptides, providing delivery to a variety of intracellular compartments [94, 95] . Endocytic transport of carriers and conjugates often provides endo-lysosomal delivery, which can be exploited for delivery of enzyme replacement therapies [7] . Furthermore, targeting cell receptors associated to the transcytosis pathway described in "Barriers of transport into the central nervous system" helps transport the carried drugs across cellular layers, such as the epithelial lining in the gastrointestinal track for oral delivery or the blood-CNS barriers in the case of systemic administration of drugs for neurological conditions [68] . This is the case for brain delivery of recombinant lysosomal enzymes targeted to the LDL receptor family, insulin-like growth factor receptor, or the transferrin receptor described in "Peripheral administration" [23, 100, 101] , and that of lysosomal enzymes delivered via ICAM-1-targeting nanocarriers ("ICAM-1-targeting for delivery and treatment of LSDs"). For instance, it was recently shown that α-L-iduronidase fused to a peptide derived from an antibody against the human insulin receptor accumulated in the brain of adult Rhesus monkey following intravenous administration [100] . This chimeric enzyme was also capable of attenuating about 70 % of the glycosaminoglycan accumulation typical in MPS I. A similar strategy tested in the MPS I mouse model demonstrated that delivery of a plasmid codifying for a fusion protein comprising transferrin and α-L-iduronidase was also effective in attenuating glycosaminoglycan in the mouse cerebellum [23] .
Additionally, transport into lysosomes by conjugates and nanocarriers can be used to render cytosolic accumulation of small cell permeable compounds upon entering this compartment. This can be achieved by designing formulations such that the drug moiety can be released from the targeting moiety, e.g., by proteolytic cleavage of the conjugate within this organelle [119] . Also, a variety of other strategies can be used in this direction, including elements derived from biological molecules, such as pathogen toxins, or materials that experience changes in their physicochemical properties upon contact with this low pH compartment, releasing their cargo within the lysosome [117] . Then membrane permeable compounds can penetrate into the cell cytosol and exert a therapeutic action. Even though a priori it may appear that small membrane permeable compounds (e.g., those employed in substrate reduction therapy or chaperonemediated strategies) would not need intracellular delivery by these means, such an approach has been shown to help avoiding rapid drug removal from the intracellular milieu via efflux pumps, which can be beneficial in several tissues and the BBB [65, 69] . More obviously, gene therapies requiring cytosolic delivery can also be enhanced by such designs, as well as materials that can help permeate the plasmalemma.
In this direction, endo-lysosomal escape can be achieved by a diversity of materials, e.g., it has been observed for biocompatible PLGA carriers [139] and it is a common property of cationic polymers, such as poly-L-lysine and poly(ethylenimine), whose amine groups become protonated at endosomal pH, resulting in osmotic swelling that bursts the endosome [140] . Since these cationic polymers display toxicity, other experimental formulations are more amenable for in vivo applications. This is the case for pHsensitive poly(acrylic acid) derivative carriers that act as proton sponges within lysosomes, and temperatureresponsive polyelectrolyte hydrogels whose hydration rate varies with temperature, leading to changes in the carrier volume within the endo-lysosomal compartment [116, 141, 142] . Positively charged cell penetrating peptides (such as RGD and Tat peptides) also bind to the cell surface due to electrostatic interactions and can facilitate cytosolic delivery of cargoes [143, 144] . Carriers can also be coupled to fusogenic peptides derived from bacterial toxins (e.g., hemaglutinnin and GALA peptides), which can induce poration of endosomal membrane in response to gradual pH lowering in these compartments [145] .
Some of these concepts are being explored in LSDs, e.g., coupling of enzymes to PEG, PEG-modified liposomes, and polymer nanoparticles targeted to endocytic receptors for systemic administration, or entrapment into biocompatible polymers for local implantation [146] [147] [148] [149] [150] [151] [152] [153] [154] . Needless to say, a thorough investigation on the potential short and/or chronic effects of these carrier-mediated applications will be required in order to optimize their properties. This is compelling in order to advance their translation, since it has been observed that deposition of insoluble or colloidal nanomaterials in the CNS can prompt production of reactive oxygen species, causing inflammation and contributing to neurodegeneration [155, 156] . Yet, this is also the case regarding side effects of viral gene therapies applied to the CNS and should be manageable by controlling the degradation of the carriers. Hence, these strategies hold considerable promise in modulating the biodistribution pattern within the body and rendering enhanced and prolonged enzyme activity in tissues. The following section will elaborate deeper on a relevant example of these applications.
ICAM-1-targeting for delivery and treatment of LSDs As described in the previous section, the LSDs are characterized by multi-organ dysfunction, with most tissues of the body being affected at some extent [2, 4] . Hence, an interesting generic target for developing LSD treatment modalities would be a molecule broadly expressed and capable of accessing both peripheral organs and the CNS after systemic administration. Enhanced expression in areas particularly affected by pathology versus those less severely impacted would also provide benefit. Preferentially, this molecular target should be accessible to conjugates and larger drug delivery systems, to increase the level of versatility of the intended applications, and should also be able to induce transport across cellular barriers and into cells, for safe and efficient therapeutic delivery. Intercellular adhesion molecule 1 (ICAM-1), an immunoglobulin-like transmembrane glycoprotein that mediates adhesion of fibrinogen and leukocytes to inflammation sites [157, 158] , seems to be a particularly interesting target for lysosomal interventions as it meets these requirements.
ICAM-1 is expressed by most LSD target cells, including vascular endothelial cells of vessels irrigating all organs, leukocytes, epithelial cells, glial cells, neurons, muscle cells, etc [157] , and is accessible from the intravascular, intratracheal, or intracerebral routes [159] . Its expression is enhanced by many pathological stimuli concurring with LSDs, including metabolic imbalance, oxidative stress, inflammation, and others [157, 160, 161] . Targeting to this molecule is being explored for treatment of chronic inflammatory conditions, infection by certain pathogens, and cancer [157, 160, 161] . Numerous works by our group and others have shown successful ICAM-1 targeting in the case of antibodies and peptides, isotopes and contrast probes, biosensors, biologicals (including enzymes) and other therapeutics, liposomes and polymer nanocarriers [129, 152, 162, 163] , in cell cultures, animals models, and clinical trials [152, 153, [162] [163] [164] [165] [166] [167] [168] [169] . This is also the case for lysosomal enzymes, such as acid sphingomyelinase deficient in types A and B Niemann-Pick disease, α-galactosidase deficient in Fabry disease, and α-glucosidase deficient in Pompe disease [151] [152] [153] [154] 170] . Targeting to ICAM-1 has been shown to provide a remarkable enhancement in the amount of enzymes accumulated in organs after intravenous administration in mice as compared to free counterparts, e.g.,~200-fold and~15-fold in the lung and liver, major targets for type B Niemann-Pick disease,~5-fold and~1.5-fold in the heart and kidneys, major targets for Fabry disease, and~10-fold and~6-fold in the heart and skeletal muscle, major targets in Pompe disease [151] [152] [153] .
Although ICAM-1 is not an endocytic receptor per se, binding of conjugates and drug delivery systems to this molecule induces vesicular transport into cells, resulting in efficient intracellular delivery of therapeutic and diagnostic agents [151-153, 167, 171-173] . Interestingly, uptake via ICAM-1 is mediated via a unique pathway called cell adhesion molecule or CAM-mediated endocytosis, which is distinct from clathrin-and caveolar-mediated pathways described in "Barriers of transport into the central nervous system", and also from macropinocytosis and phagocytosis typical of immune cells [173, 174] (Fig. 4) . Binding of carriers to ICAM-1 leads to interaction with the sodiumproton exchanger molecule NHE1 and formation of engulfment areas on the plasmalemma [173, 175] . These regions are enriched in cholesterol, sphingomyelin, and gangliosides, with specific recruitment of intracellular sphingomyelinases and concomitant enrichment of ceramide [175] . Ceramide appearance at sites of engulfment of ICAM-1 targeting likely regulates physicochemical properties of the plasma membrane and signals for reorganization of actin cytoskeleton. Tyrosine phosphorylation, activation of protein kinase C, Src kinases, and Rho dependent kinase are also involved in the signaling cascade leading to uptake [174] [175] [176] . As a consequence, the actin cytoskeleton reorganizes into stress fibers, which attach to the cytosolic domain of the ICAM-1/NHE1 complex [173, 174] . Ceramide-mediated progression of invaginations at binding sites, dynamic changes of actin filaments, and activity of dynamin result in endocytosis [173, 175] . Interestingly, targeting of lysosomal enzymes to ICAM-1 has shown to follow the CAM-mediated pathway, bypassing clathrincoated pits used by free lysosomal enzymes [151, 152, 154] .
This aspect is important because, in contrast to clathrin and caveolar endocytosis, characterized by vesicles with 100-150-nm and~50-80-nm diameter, CAM-endocytosis renders uptake of carriers with various sizes and shapes, e.g., 100-nm to 5-μm size, spherical, elongated, or irregular [170, 174, 175] . This feature is relevant since carriers with high surface to volume ratios, such as filamentous micelles with ≤20 nm in diameter and several micrometers in length, appear to offer enhanced circulation and minimal unspecific interactions in animal models. Additionally, after uptake of drug carriers, ICAM-1 recycles to the plasma membrane and hence provides sustained targeting by circulating vehicles [172] (Fig. 4) . In addition, conjugates and carriers targeted to ICAM-1 traffic to lysosomes (Fig. 4) , which has proven beneficial from the perspective of delivery of lysosomal enzymes for replacement therapies. Indeed, delivery of acid sphingomyelinase, α-galactosidase, and α-glucosidase by this route has been shown to enhance lysosomal degradation of sphingomyelin, globotriaosylceramide, and glycogen as compared to free enzymes [151, 152, 154, 170] . Moreover, the rate of endocytosis and lysosomal traffic via the CAMmediated pathway can be modulated by varying several parameters, such as the molecular epitope to which carriers bind [177] , the carrier size and shape [170] , and pharmacological agents impacting the cell machinery that regulates endocytic transport [171, 173] .
Importantly, in a cell culture model of a permeability barrier composed of epithelial cells, ICAM-1-targeted carriers transport significant amounts of lysosomal enzymes across the cell monolayer, which occurs via a transcytosis pathway related to CAM endocytosis, without opening of the tight junctions or unspecific leakage (Fig. 4) [178, 179] . This result pairs well with enhanced accumulation of lysosomal enzymes in mouse brain after a single intravenous administration, e.g.,~7-fold for acid sphingomyelinase, 4-fold for α-galactosidase, and~6-fold for α-glucosidase, suggesting that ICAM-1-targeting may provide a new avenue for delivery of therapeutic lysosomal enzymes to the CNS [151, 152] .
Final remarks
The CNS represents a major target tissue for therapeutic intervention of numerous LSDs. Yet, effective treatment of the pathology at this site is largely hampered by particular limitations regarding the architecture of this tissue and the highly controlled transport of substances between the blood and the CNS parenchyma. Overcoming these obstacles will require a concerted and multidisciplinary effort aimed to The signaling cascade governing this pathway is shown, including activation of protein kinase C (PKC), Src kinase, Rho and Rhodependent kinase (ROCK). This cascade leads to formation of endocytic structures that pinch off the plasmalemma helped by dynamin. Subsequently, carriers are transported to early endosomes, where ICAM-1 separates from ICAM-1-targeted carriers. ICAM-1 recycles to the plasma membrane, and carriers are transported to both lysosomes and the abluminal membrane (by transcytosis) provide a deep understanding of the anatomical and physiological regulation of this tissue and the natural transport mechanisms at this interface, along with technological development of drug delivery approaches.
